Unimolecular dissociation of 1,3,5-trioxane was investigated experimentally and theoretically over a wide range of conditions. Experiments were performed behind reflected shock waves over the temperature range of 775 -1082 K and pressures near 900 Torr using a fast response time-of-flight mass spectrometer (TOF-MS) coupled to a shock tube (ST). Reaction products were identified directly and it was found that formaldehyde is the sole product of 1,3,5-trioxane dissociation. Reaction rate coefficients were extracted by the best fit to the experimentally measured concentration time-histories. Additionally, high-level quantum chemical and RRKM calculations were employed to study the fall off behavior of 1,3,5-trioxane dissociation. Molecular geometries and frequencies of all the species were obtained at the B3LYP/cc-pVTZ, MP2/cc-pVTZ and MP2/aug-cc-pVDZ levels of theory, whereas the single-point energies of the stationary points were calculated using coupled-cluster with 
INTRODUCTION

Formaldehyde (CH 2 O) is an important intermediate in the combustion of hydrocarbon
fuels. It is formed during the oxidation of alkanes, natural gas, alcohols, aldehydes, ethers and others. [1] [2] [3] Its importance in combustion led to a number of high temperature kinetic studies for its pyrolytic dissociation [3] [4] [5] [6] and bimolecular reactions. 1, [7] [8] [9] [10] A substantial number of earlier studies 5, 7, 9, [11] [12] [13] [14] [15] [16] consisted of utilizing 1,3,5-trioxane (C 3 H 6 O 3 ) as a clean thermolytic source of formaldehyde to avoid the problem of formaldehyde polymerization. These studies assumed reaction (1)
to be an instantaneous process at high temperatures (above 1300 K τ < 0.5 µs) 5 to yield three formaldehyde molecules via a simple unimolecular and probably a concerted mechanism 12, 17 .
This mechanism for 1,3,5-trioxane decomposition was confirmed in a laser schelieren study by Irdam and Kiefer 14 and later by Aldridge et al. 12 and Hochgreb and Dryer
13
.
Hogg et al. 11 and Burnett and Bell 15 measured the rate coefficients for the thermal dissociation of trioxane in a static reactor at T = 545 to 620 K and p ≤ 100 Torr. The values of the rate coefficients reported by Hogg et al. 11 are about 40% higher than those reported by Burnett and Bell 15 at a specific temperature. Hogg et al. 11 consistently observed that the final pressure of their reactor was three times the initial pressure and concluded that the pressure rise was caused due to the dissociation of trioxane to form three formaldehyde molecules.
This conclusion was later supported by the shock tube study of Irdam and Kiefer 14 who observed the dissociation of trioxane over 950 to 1270 K and 138 to 362 Torr using laser schlieren technique. Their computed density gradient profiles, in accordance with reaction
(1), were found to agree very well with the experimentally measured profiles suggesting that formaldehyde is the sole product of 1,3,5-trioxane dissociation. They also reported RRKM rates and falloff based on the selected molecular parameters that were most consistent with 4 the experimental data. 11, 14, 15 Almost a year later, Aldridge et al. 12 studied reaction (1) in a static reactor over the temperature range of 523 -603 K and pressures of 25 -800 Torr. In addition to the experimental work, they performed RRKM calculations using the data from BAC-MP4 quantum chemical method. Their theoretical approach adequately predicted their experimental values of the rate coefficients. However, their experimental and theoretical values were found to be significantly lower than earlier studies. 11, 15 In another similar study, pressures are already at or close to the high pressure limit. However, their low temperature data near 900 K were lower by a factor of two than the extrapolated value of Hochgreb and Dryer. 13 Due to the existing discrepancies in literature, an additional study rendering to detailed kinetic analysis is warranted to fully ascertain the rate coefficients of the thermal dissociation of 1,3,5-trioxane. 5 Here, we carried out high-level quantum chemical and statistical rate theory calculations to unravel the temperature and pressure dependence of the rate coefficient for reaction (1) .
Additionally, we have also performed shock tube experiments to investigate the thermal unimolecular dissociation of 1,3,5-trioxane over a wide range of experimental conditions using a fast time-response time-of-flight mass spectrometer. This work provides new experimental data and state-of-the-art theoretical calculations to ascertain the rate coefficients of unimolecular decomposition of 1,3,5-trioxane.
EXPERIMENTAL SETUP
Shock Tube (ST) Facility
Thermal dissociation of 1,3,5-trioxane was investigated behind reflected shock waves in a stainless steel shock tube at temperatures ranging from 775 to 1082 K and pressures near 900 Torr. The shock tube facility has been described in detail previously. [18] [19] [20] Therefore, only a brief description is provided here. Both the driver and driven sections of the shock tube are 9 m long with an inner diameter of 14.2 cm. The length of the driver section can be varied depending on the required test time. For the experiments reported herein, a shorter (~ 3 m) driver section was used that enabled us to achieve 1.5 ms of uniform pressure (and temperature) behind reflected shock waves. (See Figure 1 .) The incident shock velocity was measured using five PCB 113B26 piezoelectric pressure transducers (PZTs) that were located axially along the last 1.3 m of the driven section. The incident shock speed at the end-wall was determined by linear extrapolation of the velocity profile. One-dimensional shock-jump equations were used to calculate the conditions (temperature and pressure) behind the reflected shock wave. The uncertainty in the measured velocity was found to be ± 0.2% which translates into < 1% uncertainty in the calculated reflected shock temperature and pressure. 
Time-of-Flight Mass Spectrometer (TOF-MS)
The coupling of shock tube (ST) with time-of-flight mass spectrometer (TOF-MS) for high temperature kinetic studies is a challenging task. 26 and Dürrstein et al. 27 Our coupling and configuration for the ST/TOF-MS is similar to the existing facilities in Karlsurhe 28, 29 and Duisberg-Essen 27, 30 . For kinetics studies, the samples behind the reflected shock waves are drawn continually through a conical nozzle grows to the shock heated zone following the reflection of the shock wave. A detailed discussion on the growth of the thermal boundary layer and its effect pertinent to the kinetic studies using ST/TOF-MS can be found elsewhere. 21, 25, 26 For our operating conditions, the molecular beam exiting the nozzle undergoes rapid quenching in less than 1 µs and only a small portion of the beam reaches the ion source of the TOF-MS (Stefan Kaesdorf Inc., Munich). In these studies, direct sampling from the nozzle is employed without using a skimmer. We did not employ nozzle-skimmer sampling system for three reasons: (i) the nozzle-skimmer sampling system skims off most of the molecular beam that consequently diminishes the signal intensity significantly; (ii) this arrangement requires differentially pumped molecular beam sampling interface. In our current setup, both the ion source and flight tube of TOF-MS can be pumped down to ≤ 10 -7 Torr, and a pressure below 10 -3 Torr cannot be achieved in the skimmer section of the interface due to its compactness. The inability to create a high vacuum in the skimmer section will result in inadequate quenching of the molecular beam. A rapid quenching of the representative sample from the shock heated zone via a supersonic jet expansion is very crucial in these kinds of experiments. (iii) Precise alignment of the skimmer with respect to the nozzle is critical. This alignment is challenging to achieve. A little misalignment by few degrees may lead to the ionization of the molecular beam that has originated from the vicinity of the shock tube wall and hence may have been affected by the cold thermal boundary layer.
For a successful operation of ST/TOF-MS system, the separation distance between the sampling orifice and ionization location plays a crucial role. In the original design, this separation was 42.75 mm. To increase the sensitivity, we modified our coupling to reduce this separation to 35.75 mm. As the molecular beam reaches the ionization zone of the ion source, it is bombarded with electrons to produce ions. Our TOF-MS employs a two-stage ion extraction for space-focusing that compensates the ions starting from different locations of that greatly suppressed the ionization of the bath gas (neon). It entails an important aspect of the experiment to avoid saturation of the micro-channel plate (MCP, Photonics Inc., USA, type E25-10-D-SET) detector. The TOF-MS can be operated up to a maximum repetition rate of 150 kHz (6.7 µs), however, in this study, a repetition rate of 100 kHz (10 µs) was employed. The reduced repetition rate helps to avoid saturation of the MCP detector and any intermingling of the ions from successive ionization events. The MCP signal is amplified using a pre-amplifier that enables us to use the lowest possible voltage supply to the MCP, thus avoiding saturation of the detector. This is crucial when TOF-MS is operated at the high repetition rates ≥ 100 kHz. To avoid any possible arching of the ion source due to sudden rise in pressure, the TOF-MS is automatically shut down after 1 second using an interlock system.
The analog signal from MCP detector was recorded using an 8-bit digitizer (Agilent U1071A) at a sampling rate of 1 GHz for a total recording time of 2.5 ms. For each shock wave experiment, the recorded data contains about 500 µs of pre-shock data and the remaining 2 ms of post-shock data. The recorded data, representing mass spectra for a total of 2500 ionization events, were de-convoluted into sub-packets (containing mass spectra for each ionization event) using an in-house Matlab code. The time-histories for the species of interest were obtained by integrating the peaks from successive ionization events.
QUANTUM CHEMICAL CALCULATIONS
The structures of the stationary points along the reaction pathway for the unimolecular dissociation of trioxane were optimized by using the density functional theory with the hybrid Becke-3-Lee-Yang-Parr (B3LYP) functional 31-33 using all-electron Dunning's correlationconsistent polarized valence triple zeta basis sets (cc-pVTZ) for C, H, O. 34, 35 In addition, geometry optimizations were also carried out at the second order Møller-Plesset (MP2) 36, 37 Page 8 of 27
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 perturbation theory using Dunning's augmented correlation-consistent double zeta basis set (aug-cc-pVDZ) 34, 38 . These optimized structures were further characterized by normal mode analysis to confirm their identities on the potential energy surfaces. The computed vibrational frequencies at the B3LYP/cc-pVTZ and MP2/aug-cc-pVDZ levels of theory were scaled by 0.9615 and 0.9682, respectively.
32
Based on the optimized geometries, single-point coupled-cluster calculations with single and double excitations [39] [40] [41] [42] , including the perturbative treatment of triple excitation (CCSD(T)) 26 , were carried out for the energetic description of minimum structures and transition states. Several Dunning's correlation-consistent polarized valence cc-pVXZ (X = D, T, and Q) basis sets 27, 28 were used to extrapolate to the complete basis set (CBS) limit. We employed the extrapolation scheme developed by Helgaker et al. 29, 30 Here, we treated the Hartee-Fock and correlation energies separately. The Hartee-Fock energy at the infinite basis set limit (E ∞,HF ) was obtained through extrapolation, according to E HF (X) = E ∞,HF + b*exp(−cX) with Dunning's correlation-consistent polarized valence X = 2 (double), 3
(triple), and 4 (quadruple) zeta basis sets 31 . For the correlation energy, we used E corr (X) = E ∞,corr + b′X −3 with X = 2 and 3 for cc-pVDZ and cc-pVTZ basis sets, respectively. 29 All calculations were performed using the Gaussian 09 package. 43 RRKM theory [44] [45] [46] was employed to calculate the pressure-and temperature-dependence of the rate coefficients for the unimolecular dissociation of trioxane using the data from quantum chemical calculations. For these calculations, the program script developed by Kiefer et al. 47, 48 was used. Figure 2 shows a sample profile for the raw data obtained from our ST/TOF-MS experiment. Here, the downward spikes are the signal intensities of various species and the Fig. 3 where all peaks are identified. In Fig. 3 , the rising part of the timing signal is the start of ionization, whereas the falling part indicates the injection of ion packets for that particular ionization event. The time window between the falling and the rising parts of the timing signal corresponds to the duration of ionization. In these experiments, the ionization duration was set to 1 µs. In our measurements, the reaction progress was monitored 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   11 , where m is the calibration factor; I and p are the ion intensity and partial pressure of the species (x), respectively. The calibration curves are given in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Figure IIS) . The extracted rate coefficients from all our experiments are listed in Table 1 and plotted with the literature data in Fig. 5 . As can be seen, our data fill up the void spaces in the mid-temperature range and encompass both the Irdam and Kiefer 14 and
RESULTS AND DISCUSSION
Wang et al. 16 data at high temperatures. Our values of the rate coefficients (±30%) measured (1) at low temperatures. our rate coefficients at the lower temperature end show an excellent agreement with the data from Hochgreb et al. 13 and also with the extrapolated value of the low pressure and low temperature data from Hogg et al. 11 and Burnett and Bell
15
Our experimental data were further rationalized in terms of RRKM calculations using the data from ab-initio calculations. Based on the parameters compiled in Table 2 , we computed pressure-and temperature-dependent rate coefficients for reaction (1) using Kiefer et al. 47, 48 RRKM program script. As can be seen in Fig. 5 , our calculated RRKM rates match very well with the available experimental data at all temperatures and pressures with an average absolute deviation of 16.5%. The low temperature data of Aldridge et al. 12 appear to be too slow and are not captured by our calculations. Excluding the data from Aldridge et al.
12
, the calculated rate coefficients (k(T, p)) were found to be most consistent with the available data for a barrier height (E 0 ) of 46.5 kcal/mol. To achieve the agreement between theory and experiments, such as the one shown in Figure 4 , the calculated threshold energy was adjusted by about 1.8 kcal/mol. This adjustment of the barrier height is reasonable considering the uncertainties associated with these ab-initio calculations. Furthermore, we note that the RRKM results reported here are for neon as bath gas while Irdam and Kiefer 14 used krypton and Wang et al. 16 used argon as bath gas in their experiments. However, the bath gas is expected to cause negligible change in the calculated values of the rate coefficient. The parameters for the calculated values of the pressure dependent rate coefficient are compiled in Table 3 over the temperature range of 500 to 1400 K.
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